Horseweed is traditionally considered a non-cropland weed. However, populations resistant to glyphosate have eventually become established in no-till agronomic cropping systems. Growth chamber and greenhouse experiments were conducted to compare selected biological and physiological parameters of glyphosate-resistant (GR) and -susceptible (GS) horseweed biotypes from Mississippi with a broader goal of fitness characterization in these biotypes. Vegetative growth parameters (number of leaves, rosette diameter and area, shoot and root fresh weights) were recorded weekly from 5 to 11 wk after emergence and reproductive attributes [days to bolting (production of a flowering stalk) and flowering] and senescence were measured for both GR and GS biotypes under high (24˚C/20˚C) and low (18˚C/12˚C) temperature regimes, both with a 13-h light period. Physiological traits such as net photosynthesis, phenolic content, and cell membrane thermostability, all in the presence and absence of glyphosate, and leaf content of divalent cations such as Ca 2+ and Mg 2+ were assayed in the two biotypes under the high temperature regime. All horseweed vegetative growth parameters except root fresh weight were higher in the high temperature regime compared to that in low temperature regime in both biotypes. Number of leaves, rosette diameter and area, shoot and root fresh weight were 40 vs. 35, 9.3 vs. 8.7 cm, 51 vs. 43 cm 2 , 3.7 vs. 3.2 g, and 3.5 vs. 4.2 g under high and low temperature conditions, respectively, when av-* Corresponding author.
Introduction
Horseweed, also referred to as butterweed, coltstail, fleabane, or marestail, is an annual plant native to North America and Central America [1] . Horseweed thrives in conservation-or no-tillage systems [2] [3], but is susceptible to common tillage practices of conventional tillage cropping systems [4] . Increasing adoption of herbicide-resistant crop technology, especially glyphosate-resistant crops, has encouraged reduced and no-till production practices. This switch in management strategy has encouraged traditionally noncropland weeds such as horseweed to migrate into and infest cropland. Compounding this problem, horseweed populations have developed resistance to glyphosate in several states across the US [5] - [8] .
Glyphosate-resistant (GR) horseweed biotypes from Mississippi were 8-to 12-fold more resistant to glyphosate than a glyphosate-susceptible (GS) biotype [7] . Koger and Reddy [9] reported 28% reduced translocation of 14C-glyphosate from the treated leaf of a GR biotype from Mississippi compared with a GS biotype. They suggest that reduced translocation of glyphosate to growing parts of the GR plant has a role in glyphosate resistance mechanism [9] . It is not clear that growth differences, if any, between the GR and GS biotypes explain the differential resistance between the two biotypes. Therefore, it is important to understand morpho-physiological variability and differences between the GR and corresponding GS biotypes and make a connection to biological fitness of GR horseweed biotypes. Further, potential differences between the GR and GS biotypes in common physiological traits could provide new insights into the glyphosate resistance mechanism.
Any inherent growth and developmental differences between GR and GS biotypes may impact management strategies such as preplant burndown, preemergence, or postemergence herbicide applications. Inadequate control of GR horseweed biotypes could cause a reduction in yield by competing for resources such as nutrients, soil moisture, and sunlight with GR soybean, cotton, or corn plants. Another consequence of inadequate control of GR horseweed biotypes could be plants going to seed and adding to the soil seed bank, thereby, reducing management options for the future. To date, there has been no information on growth and developmental variability differences between GR and GS horseweed biotypes originating from an agronomic cropping region. The objective of this study was to characterize morhpo-physiological differences between noncompetitively-grown GR and GS horseweed biotypes collected from US Midsouth area.
Materials and Methods

Plant Materials and Growing Conditions
Seeds of GR and GS horseweed biotypes, collected from field-grown plants in Mississippi (Koger et al. 2004) , were planted in 12.5 cm by 10 cm by 6 cm plastic trays containing a mixture of field soil (Bosket sandy loam, fine-loamy, mixed, thermic Mollic Hapludalfs) and potting mix (Jiffy Products of America Inc., Batavia, IL, USA) (1:1 by volume). Trays were covered with a plastic wrap and placed in a greenhouse (32˚C/25˚C ± 3˚C day/night temperature; natural light supplemented with light from sodium vapor lamps to provide a 13-h photoperiod). After emergence, seedlings in the cotyledon stage (1 wk after emergence, WAE) were transplanted to individual 10-cm-diam by 10-cm-deep plastic pots containing soil mix described above. Plants were transferred to two different growth chambers calibrated for high (24˚C/20˚C) and low (18˚C/12˚C) day/night temperature regimes. Photoperiod was set at 13 h to coincide at maximum temperature within each regime. Fluorescent and incandescent lamps were used to produce a photosynthetic photon flux density of 600 mmol•m 
Rationale for Selection of Temperature and Light Regimes
Previous research has shown that horseweed emerges throughout the year, late summer, fall, and spring, with maximum emergence occurring in the fall (September-October) and a new flush emerging in the spring (AprilMay) under field conditions [10] . Thirty-year average high and low temperatures for the months of October and April (representing peak horseweed emergence periods in fall and spring, respectively) at Stoneville, MS were 24˚C and 11˚C, respectively [11] . Two temperature regimes were chosen, 24˚C/20˚C as high and 18˚C/12˚C as low temperature, in order to fall within this range, i.e., 11˚C to 24˚C. Also, 30-year average day length during October was 11.4 h and during April was 13 h at Stoneville, MS [11] . Hence, a photoperiod of 13 h was chosen to coincide with the maximum temperature, i.e., 24˚C in the high temperature regime and 18˚C in the low temperature regime.
Biological Parameters
Horseweed growth was slow in the first four weeks following transplanting. Plants were left undisturbed for the four wk after transplanting to accommodate for acclimatization to conditions in the growth chamber. Beginning at four weeks after transplanting (5 WAE), four each of GR and GS plants were randomly selected from the two temperature regimes for measurement of growth parameters. Number of emerged leaves, rosette diameter (mean of horizontal and vertical diameter of rosette), rosette area, shoot fresh weight, root fresh weight, and shoot/root ratio were measured. Measurements were collected weekly from 5 to 11 WAE. Rosette area was measured using a stationary motor-driven leaf-area meter (LI-COR Biosciences, Lincoln, NE, USA). Shoot/root ratio was computed by dividing shoot fresh weight by root fresh weight to estimate proportional partitioning of resources to above ground and below ground plant parts. Collection of data on growth parameters was terminated 11 WAE due to GS plants developing necrotic symptoms, but plants were allowed to grow. Thereafter, days to earliest bolting (production of a flowering stalk), flowering, and senescence were recorded for GR and GS plants from the two temperature regimes.
Physiological Parameters
All measurements were made on horseweed plants (5 to 6 WAE) that had rosettes containing 28 to 32 fully expanded leaves and were grown in the high temperature regime. Photosysnthesis, phenolics, and cell membrane thermostability data were recorded on nontreated and glyphosate-treated plants at 48 hours after treatment with glyphosate at 0.84 kg•ae•ha −1
. Glyphosate was applied with a moving nozzle sprayer equipped with 8002E nozzles (Spraying Systems Co., Wheaton, IL 60189) delivering 140 L•ha −1 at 280 kPa. Leaf net photosynthesis was measured using a LI-6400 portable photosynthesis system as described earlier [12] . Leaf phenolic content was measured according to previously reported procedures [13] . Leaf cell membrane thermostability was measured following the methods of Kakani et al. [14] . Leaf tissue analysis was conducted at Mississippi State University Soil Testing Lab for measurement of Ca and Mg. In this method dry ash [15] was analyzed with an ICP spectrophotometer and atomic absorption.
Statistical Analysis
All experiments were setup in a completely randomized design with four replications per treatment and were V. K. Nandula et al.
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repeated. The data represent the average of the two experimental trials since no experiment by treatment interaction occurred. All data were analyzed with SAS analytical software by subjecting to ANOVA to identify significant main effects and interactions. Data on vegetative growth parameters were further analyzed by fitting regression equations to raw data (SigmaPlot ® 9.0, Systat Software Inc. Point Richmond, CA, USA) and means were plotted. Treatment means from the physiological experiments were separated using Duncan's new multiple range test at the 5% level of probability.
Results and Discussion
The two horseweed biotypes differed in all the variables evaluated. Both temperature and growth duration affected all aspects of horseweed plant growth and development. Temperature affected the horseweed biotypes differently. As growth progressed from 5 to 11 WAE, the number of leaves produced by the GR biotype was generally higher than that for the GS biotype (Figure 1) . Averaged across temperature regimes and weekly measurements, number of leaves was 38 for the GR biotype and 36 for the GS biotype. Number of leaves was 40 in the high temperature regime and 35 in the low temperature regime, when averaged across biotypes and weekly measurements. Rosette diameter of the GR biotype, in general, was higher compared to the GS biotype (Figure 2) . Averaged across the two temperature regimes and weekly measurements, rosette diameter was 9.1 in the GR biotype vs. 8.9 cm in the GS biotype. Averaged across biotypes and weekly measurements, rosette diameter was 9.3 and 8.7 cm under high and low temperature conditions, respectively.
The GR biotype had higher rosette area compared to the GS biotype (Figure 3) . Averaged across temperature regimes and weekly measurements, rosette area was 51 cm 2 under the high temperature regime and 43 cm 2 under the low temperature regime. Averaged across the two temperature regimes and weekly measurements, rosette area was 50 cm 2 and 44 cm 2 in the GR and GS biotypes, respectively. Similarly, a GR common ragweed (Ambrosia artemisiifolia L.) ecotype had greater leaf area compared to a susceptible ecotype [16] . In contrast, a giant foxtail (Setaria faberi Herrm.) accession resistant to acetyl coenzyme A carboxylase (ACCase) inhibitors had similar leaf area over time compared to a susceptible accession under noncompetitive conditions in the field [17] . A triazine-susceptible common lambsquarters (Chenopodium album L.) biotype achieved greater leaf area than a resistant biotype [18] . The higher rosette area in the GR biotype is perhaps better reflected in the shoot 
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Weeks after emergence 4 6 8 10 12 Rosette diameter (cm) fresh weight measurements, where the GR biotype had greater shoot fresh weight compared to the GS biotype (Figure 4) . High rosette area in the GR biotype likely facilitated greater light interception and enhanced carbon assimilation, and possibly resulted in higher shoot fresh weight in the biotype compared to the GS biotype. Shoot fresh weight was 3.7 g•plant −1 in the high temperature regime and 3.2 g•plant −1 in the low temperature regime, when averaged across biotypes and weekly measurements. Averaged across the two temperature regimes and weekly measurements, shoot fresh weight was 3.9 and 3.1 g•plant −1 in the GR and GS biotypes, respectively. Brewer et al. (2006) [16] reported that a GR common ragweed ecotype had greater biomass than a susceptible ecotype. Similarly, a GR horseweed biotype accumulated more dry weight than a GS biotype [19] . In contrast, final shoot biomass of triazine-susceptible Amaranthus blitoides (S.) Wats. plants was higher than that of triazine-resistant plants, rendering the resistant plants less fit than the wild type [20] . Also, a triazine-susceptible common lambsquarters biotype accumulated greater plant dry matter than a resistant biotype [18] . However, Anderson et al. (1996) [21] observed no difference in plant weight between triazine-resistant and -susceptible common waterhemp (Amaranthus rudis Sauer.) plants in the absence of interbiotypic competition. They reported that triazine-susceptible plants had a competitive advantage over the resistant plants when both were grown together. It is not clear whether the GR horseweed biotype can compete effectively with the GS biotype when grown in a competitive environment. A giant foxtail accession resistant to ACCase inhibitors had similar shoot dry biomass compared to a susceptible accession under noncompetitive conditions in the field [17] .
Root fresh weight was higher in the GR biotype compared to the GS biotype ( Figure 5) . Averaged across the two temperature regimes and weekly measurements, root fresh weight was 4.3 g•plant −1 in the GR biotype and 3.5 g•plant −1 in the GS biotype. Root fresh weight was 3.5 g•plant −1 under the high temperature conditions and 4.2 g•plant −1 under the low temperature conditions. Higher root biomass at low temperature in horseweed may reflect buildup of reserves in the root for over-wintering and eventual switch to active metabolism during the following spring. Shoot/root ratio decreased in both GR and GS biotypes under both temperature regimes as growth proceeded from 5 to 11 WAE (data not shown). Future research should compare growth of GR and GS horseweed biotypes under natural conditions in the fall through spring to assess impact of environment on shoot and root biomass accumulation and root depth. 
53
Weeks after emergence The GS biotype bolted, flowered and began senescence earlier than the GR biotype under both low and high temperature regimes (Table 1, Figure 6 ). The GR biotype bolted later than the GS biotype and remained in this stage until termination of the experiment. Similar results were found when the GS and GR biotypes were grown under greenhouse conditions, where environmental factors were more variable compared to that in a growth chamber. Germination patterns of the GR and GS horseweed biotypes have not been compared, but an earlier report indicates no differences in field germination patterns between GR and GS horseweed populations [10] . Kochia biotypes from North Dakota and Kansas resistant to chlorsulfuron, an acetolactate synthase (ALS)-inhibitor, germinated earlier than respective susceptible biotypes at 8˚C, indicating lack of fitness differences between the resistant and susceptible biotypes [22] .
There were no differences in leaf net photosynthesis between nontreated GR and nontreated GS plants. However, when treated with glyphosate, photosynthesis was reduced to a greater extent in the GS biotype (78%) compared to the GR biotype (50%) ( Table 2 ). There was no difference in leaf phenolic content between GR and GS plants, regardless of glyphosate treatment ( Table 2 ). Nontreated GS plants had higher cell membrane thermostability compared to GR plants ( Table 2) . However, glyphosate disrupted cell membrane stability of GS biotype (48%) to a greater extent compared to GR biotype (27%). Reduced translocation of glyphosate in the GR biotype compared to the GS biotype [9] had been anecdotally attributed to immobilization of glyphosate by divalent cations such as Ca 2+ and Mg 2+ in the leaf mesophyll cells. Higher levels of these elements in the GS biotype compared to the GR biotype ( Table 2) did not support the above hypothesis.
In general, herbicide-resistant weed biotypes have been found to be equally fit as their susceptible counterparts with the exception of triazine-resistant weeds [23] . In many cases of ALS-inhibitor resistance there is a negligible fitness cost of the resistance gene in the absence of herbicide selection [24] . For example, ALS-inhibitor resistant Amaranthus spp. plants were equally fit compared to susceptible plants [25] . An exception was chlorsulfuron-resistant mouseearcress [Arabidopsis thaliana (L.) Heynh.] plants that produced 26% fewer seeds than their susceptible counterparts [25] . Trifluralin-resistant green foxtail (Setaria glauca (L.) Beauv.) plants were almost, if not equally, as fit as trifluralin-susceptible plants based on Petri dish seed bioassays [26] . Rela- tive fitness of triazine-resistant smooth pigweed (Amaranthus hybridus L.) populations was 42% to 70% of a triazine-susceptible population, for the fitness component of above-ground biomass production [27] . Fitness comparisons between GR and GS weed bioypes are extensively lacking in the literature.
Conclusion
There were some differences in biological and physiological growth processes between the GR and GS biotypes. Impact of growth differences between GR and GS horseweed biotypes reported in this study and possible fitness differences on performance of nonchemical and alternative chemical management programs need to be determined. Further research is required to determine whether interbiotypic or intracrop competitive differences exist between the GR and GS horseweed biotypes in the field. Both biotypes should be grown in replacement series under natural conditions and taken to maturity.
